One of the most valuable applications of virtual reality (VR) is in the domain of rehabilitation. After brain injuries or diseases, many patients suffer from impaired physical and/or cognitive capabilities, such as difficulties in moving arms or remembering names. Over the past two decades, VR has been tested and examined as a technology to assist patients' recovery and rehabilitation, both physical and cognitive. The increasing prevalence of low-cost VR devices brings new opportunities, allowing VR to be used in practice. Using VR devices such as head-mounted displays (HMDs), special virtual scenes can be designed to assist patients in the process of re-training their brain and reorganizing their functions and abilities. However, such VR interfaces and applications must be comprehensively tested and examined for their effectiveness and potential side effects. This paper presents a review of related literature and discusses the new opportunities and challenges. Most of existing studies examined VR as an assessment method rather than a training/exercise method. Nevertheless, promising cases and positive preliminary results have been shown. Considering the increasing need for self-administered, home-based, and personalized rehabilitation, VR rehabilitation is potentially an important approach. This area requires more studies and research effort.
Introduction
Virtual reality (VR) technologies use multimedia devices and computer simulation to allow users to interact with a simulated environment, creating life-like experience. Display devices present sensory information, such as vision, auditory, and touch sense, to the user; control devices collect user actions such as motion, gesture, and voices. The term VR is a very broad term, and researchers have used it to refer to a wide range of systems. A system using motion sensing gloves and a desktop display can be called VR, which emphasizes life-like hand control and feedback. In some studies, especially early studies, a system using standard computer input (keyboard and mouse) and output (desktop displays) devices can also be called VR, which emphasizes the virtual environment generated by the software. In this sense, many first-person computer games can be called VR. Recently, VR is used more to specifically referring to systems using head-mounted displays (HMDs), which can create 3D depth perception and change the view as the head moves.
Since VR enables users to gain experience without exposing them to risks in the real environment, VR has been widely used for gaming and training purposes. A relatively new and less explored area of VR applications is rehabilitation, helping patients who have lost some of their physical and/or cognitive abilities to regain the abilities. The goals of the current paper are to summarize recent research efforts, discuss the benefits and potential side effects of VR, and discuss practical issues for researchers who are interested in conducting their studies in this area.
In general, rehabilitation in healthcare refers to the treatment and process to restore good health and regain impaired functions and abilities. The impaired functions can be categorized into physical and cognitive groups. Physical functions include movement and control of physical body parts such as limbs, hands, fingers, and head. In contrast, cognitive functions are related to information processing such as vision, hearing, task execution, memory, and decision. While some loss of physical functions happens in the motor system, the most challenging cases are due to injuries or diseases in the central neuron system (i.e., brain). Different brain areas are in charge of different functions. The type of function loss depends on the damaged area. In Parkinson's disease, the degeneration of brain cells mainly affects the motor system, so the symptoms are mainly related to walking and hand movement. In Alzheimer's disease however, the degeneration of brain cells starts in brain areas that control cognitive functions, so memory and language are mostly affected. For stroke and traumatic brain injuries, the impaired functions can be both physical and cognitive, depending on the specific areas of damage.
Current neuroscience theories commonly believe that adult brains have very limited capability to replace damaged and dead cells, but new connections can be formed between existing cells to support reorganization of impaired brain functions [1, 2] . Rehabilitation therapy and treatment often use repetitive physical and cognitive exercises as a way to stimulate neuron reorganization and achieve restoring and regaining some functions and abilities. Complete recovery is not common, but many patients can gain improved quality of life and do better in their activities of daily life (ADL). In general, there are the following five important components in a rehabilitation program [3] . Most of the existing studies using VR in rehabilitation mainly focused on applications in Step 1 Assessment. A relatively small number of studies have also examined the effectiveness of VR designed for Step 4 Exercise.
Previous VR applications in rehabilitation

VR applications for rehabilitation assessment
Many studies have examined VR as a tool to assess the level and type of cognitive impairment; for reviews, see [4, 5] . The following studies are reviewed as an illustration of typical research in this area. An early study in 1998 used HMD (486 PC platform) to present a household kitchen environment [6] . A meal preparation task was used to evaluate memory and executive functions of patients with traumatic brain injury (TBI). Thirty participants were tested twice within 7 to 10 days, and the results showed good test-retest reliability; however, there was no comparison between VR and traditional assessment methods.
A study in 1999 [7] reported an HMD-VR system (Pentium 166 MHz) developed to assess patients' driving abilities. Driving test performance such as lane keeping and stop sign stopping were compared between 17 brain-injured adults and uninjured participants matched in age, gender, and education. The results showed some trend of worse performance by brain-injured patients, but no statistical significance was reported.
A study in 2008 [8] showed that HMD-VR (Onyx2 Reality; 640 x 480) can be used to differentiate two types of Parkinson's disease. Participants were asked to walk while wearing the system that showed a virtual corridor with optic flow. Patients with predominant left-hemisphere dysfunction deviated right of centre, whereas patients with predominant right-hemisphere dysfunction did not.
In a recent study in 2012 [9] , the authors implemented a simple driving simulation with PC and a projector, which allows a user to navigate a virtual city or town passively as a passenger or actively as a driver. After the exploration, participants' episodic memory about the virtual place was tested in recall and recognition questions. The results showed that the method was sensitive enough to tell the difference between three groups, healthy older adults, early clinical manifestations of Alzheimer's disease, and amnesic mild cognitive impairment.
VR applications for rehabilitation exercise
In contrast to the high number of rehabilitation assessment studies, there are very few studies that have investigated VR applications in rehabilitation training and exercise. In a case report in 2001 [10] , a 65-year old woman with impaired memory functions received a 24-week rehabilitation exercise with both music-story therapy and HMD-VR experiences (Pentium III) that visualized the scenes told in the stories. The results showed improved clinical conditions, and the authors suggested that the interactive and immersive features of VR could benefit music-enhanced therapy and better involve the patient during the training.
A later controlled study by the same research group in 2010 [11] compared HMD-VR memory training (Pentium III) and traditional face-to-face music training, where the participants were encouraged to sing and play music instruments, in six months. The VR scenes included home, park, and streets familiar to the participants. The tasks were exploration and navigation using a joystick. The results showed that the VR training was more effective than the music therapy training. The fifteen elderly patients (with memory deficits) in the VR group showed significantly improved memory test scores; in contrast, the sixteen elderly patients in the control group of the face-toface music therapy showed progressive declined memory.
In addition to HMD-VR studies, there are also studies demonstrating the effectiveness of non-wearable VR systems using computer monitors or projectors as displays. An early study in 1999 [12] reported the case of an amnesia patient (female, age 53) who received route finding training and testing in eight weeks using a desktop VR system (Pentium 133 MHz; 15" monitor). She was able to learn the three routes practiced in VR but not the one route practiced in the real world. A potential explanation is that training in VR allows the isolation of the core route knowledge and avoids the distraction of other objects and events in the real world.
A study in 2003 [13] examined a simple VR shopping exercise created by digital photos, programmed navigation steps, and interactive functions on a touch screen. Nine patients with Alzheimer's disease received four-week training. Their performance (speed and error rates) and Mini-Mental State Examination (MMSE) scores improved after the training and sustained after following-up three weeks later.
A recent study in 2011 [14] examined a desktop VR exercise where patients see their image mirrored in a virtual space and wave hands to hit virtual targets. Fifteen stroke patients were assigned to the VR group, where they received the VR exercise and computer-based cognitive rehabilitation training (tasks such as matching cards, memorizing numbers, and finding pictures by names); thirteen patients were assigned to the control group, where they received only the cognitive rehabilitation training. The results after four-week training showed that the VR group had significantly larger improvement than the control group in visual attention and short-term visuospatial memory related tests.
An interesting study in 2013 [15] examined desktop VR vocational training on schizophrenic patients with cognitive impairments. The VR environment (Pentium IV; 38" monitor) simulates a clothes shop where the patient was trained for a shop clerk job, performing tasks such as sorting clothes and handling customers' requests. The results showed that VR vocational training was more effective than therapistadministered vocational training and conventional training without the shop scenario, in terms of better problem solving and executive control abilities measured by Wisconsin Card Sorting Test and better self-efficacy scores. The findings suggest that an immersive environment and real-world purposes are both important in rehabilitation.
It would be interesting to compare VR implemented on HMDs and desktop displays. Since 2D displays are less expensive and more available, if VR training using desktop displays can be equally effective for certain types of exercises, there will be no need to use HMDs. Previous studies showed that both HMD and non-wearable VR systems have value for rehabilitation. Unfortunately, no study found in the current review directly compared HMD-VR with non-wearable VR.
Potential advantages and side effects of VR rehabilitation
Although there is not sufficient evidence to confirm the effectiveness of VR exercise or its advantages over traditional training methods, it is expected to have several benefits in comparison to conventional computer-based rehabilitation training [16, 17] .
Increase the degrees of immersion and interaction (especially HMD-VR), making
the exercise interesting and motivating persistent practice. 2. Allow tests and exercise of activities (such as driving) that would be too dangerous for patients to do in the real world. 3. Allow tests and exercise (such as visual perception and field of view tasks) that are otherwise too difficult, time-consuming, or impossible to do in the real world.
As a computerized method, VR rehabilitation also has similar benefits as computer-based rehabilitation training over traditional therapist administered training, for example, improved standardization of protocols, better control of stimulus presentation, and easier collection of response measures.
However, the potential side effects of VR must be thoroughly studied before wider rehabilitation applications of the technology. The first major area of concern is simulator sickness. It is a kind of motion sickness experienced by people in motion or vehicle simulation. In most virtual simulators, the visual and auditory stimuli can be presented closer to real-life experience, but real acceleration and orientation are difficult to create. The discrepancies between the stronger motion perceived by vision and hearing and the weaker motion perceived by the vestibular system and proprioception can lead to simulator sickness. Typical syndromes include discomfort, fatigue, nausea, and disorientation.
From the literature, it seems that there is a large individual difference in simulator sickness. There are case studies that reported no or little simulator sickness, e.g., [6] . There are also cases where participants were excluded due to strong simulator sickness. In 2000, Kesztyues et al. [18] compared the difference of side effects between a HMD (800 x 600; Pentium-II 266 MHz; two Vodoo2 graphic cards) and a projector. Simulator sickness was measured by a subjective questionnaire-Simulator Sickness Questionnaire (SSQ) [19] . The tasks were to navigate (walking) and find targets in relatively simple virtual environments (a maze and a park). Valid results were collected from 21 healthy participants (most in age 20-29). One of them (5%) could not complete the tasks using HMD due to strong nausea. For both HMD and projector conditions, simulator sickness was reported, but the levels were considered tolerable.
Since the level of simulator sickness also depends on the device (HMD vs. nonwearable displays) and the type of tasks (e.g., walking vs. driving), these factors need be considered for the cost-benefit trade-off of VR rehabilitation.
The second major group of side effects is eye strains related issues, such as eye dryness, redness, discomfort, and reduced visual acuity. Some subjective measuring methods of simulator sickness (e.g., SSQ) include eye fatigue and discomfort as part of the scales. The effects of using standard non-wearable displays have been relatively well-established as the computer vision syndrome [20] . Regarding HMD, previous studies have examined its effects on visual perception (e.g., flicker fusion frequency, distance estimation), subjective comfort (e.g., fatigue, comfort), and visual acuity [21] . In comparison to projectors, HMDs were reported to result in significantly higher levels of subjectively reported eye strains and fatigue [18] . However, there is a lack of evidence for comparison about eye dryness and redness between HMDs and standard displays. These important ocular health concerns require future research.
The third area of concern is related to particular groups of patients who are afraid of new devices or are very sensitive to their environment. For example, introducing VR devices may agitate schizophrenia patients with persecutory delusion and paranoia. The cost-benefit trade-off of using VR rehabilitation needs to be evaluated for each patient based on their specific cases. There is no existing standard or guideline available in the literature.
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Practical issues for researchers in this field HMD vs. standard display. Wearable HMDs are expected to create better immersion and life-like experience than standard non-wearable displays (e.g., desktop monitor, projector) because HMDs support 3D depth perception through binocular discrepancy and a dynamic field of view through head tracking. However, many participants reported oppressiveness using HMD [18] . It is very difficult to wear HMD while wearing frame glasses. Cost-benefit analysis should be conducted to select a suitable display for each kind of VR rehabilitation applications.
Control groups. Many existing studies (especially case studies) lack the comparison between VR and traditional rehabilitation methods. A control group that consists of randomly assigned patients with matching background is needed.
Access to patients. It is important to have access to a large patient pool. This may be achieved by collaborating with hospitals and assisted home care providers. When planning a study, researchers should be prepared that many patients may be ineligible or refuse to participate for various reasons, and elderly patients may die or become unable to continue their participation later in the study. For example, in one study focusing on elderly patients (age 65 years or older) with cognitive impairments, 159 individuals lived in a rest-care home were assessed for eligibility, 123 (77%) were excluded, 5 died or left the rest-care home during the study, and finally data from only 31 individuals (19%) were good for analysis [11] .
Ethics and safety. Although VR rehabilitation does not involve medication and drugs, research ethics and safety of patients still require careful planning and administration. The ethics review process may take a long time, especially if the VR device is categorized as a medical device by the reviewing authority. Safety of the participants needs to be considered not only during but also after the experiment. In one case [22] , the authors specifically emphasized the importance of arranging transportation for elderly persons after they have participated in a VR study. Because even if one case of a car accident happened after exposing to VR, it would be extremely detrimental to the research project, no matter whether there was a causal link or not between VR and the accident.
Development cost. The cost of VR devices have dropped significantly during the last decade. An HMD device can be purchased with only a few hundred dollars right now. However, the programming and development of the virtual scenes and interactions still require a lot of effort. Time and programmer salaries should be properly estimated when writing research proposals, especially if customized virtual scenes for each individual is needed.
Conclusions
Over the past two decades, VR applications have been proposed and examined for rehabilitation purposes. Existing studies are mostly preliminary ones with low participant numbers, and most studies examined VR as an assessment method rather than a training/exercise method. The reviewed case studies and control studies showed positive and promising results of using VR for rehabilitation exercise. Considering the increasing availability of low-cost VR devices and the increasing need for selfadministered, home-based, and personalized rehabilitation approaches, VR applications are expected to play an important role in reducing healthcare cost and improving rehabilitation outcomes. The existing literature lacks controlled studies to support cost-benefit analysis required for practical applications. More studies are needed to examine the effectiveness and side effects of VR systems, especially HMD-VR, for health and work rehabilitation.
